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Abstract. The structure of supergiant shells, in partic-
ular of LMC 4, is hard to explain with stochastic self-
propagating star formation. A series of supergiant struc-
tures lies along the outer edge of the LMC and form a
sequence increasing clockwise in age. We have considered
the rotation of the LMC and its motion through the halo
of the Milky Way and propose that these structures find
their origin in star formation induced in the bow-shock
formed at the leading edge of the LMC. Due to the rota-
tion of the LMC these structures then move aside.
Key words: stars: formation - Galaxies: evolution -
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1. Introduction
The star formation history of dwarf galaxies is thought
to be erratic. Since the LMC is nearby and visible at
only modest inclination, we have a good overview of its
structure. The LMC contains numerous H ii regions and
filamentary Hα-light emitting bubbles. A few regions ap-
pear to have coherent sets of H ii regions, leading Goudis
& Meaburn (1978) to propose the existence of supergiant
shells. The creation scenario for supergiant shells was right
from the start one of stochastic self-propagating star for-
mation, SSPSF (Feitzinger et al. 1981).
The most prominent structures in the LMC have re-
ceived most attention, of course. The young stars are
bright and easy to measure so that for many young clus-
ters and associations ages have been determined. Since
older star groups in the same field as the young ones over-
lay each other in the Hertzsprung-Russell diagram (HRD),
their age is more difficult to determine. The age of older
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groups has largely been derived from inconspicuous fields
(see reviews by Vallenari 1996, Olszewski et al. 1996).
If the concept of SSPSF were valid, in particular the
larger structures should show a gradient in age of the stars,
being very young at the edges and being older toward the
inside. Supergiant shell LMC 4 with a diameter of about
1 kpc seemed to be a prime case for such an investigation.
As it turned out, the age structure in the interior pre-
dicted from SSPSF (Dopita et al. 1985) is in conflict with
the age of the stars at the edge as well as that of stars in
the interior (Vallenari et al. 1993; Will et al. 1996; Braun
et al. 1997). The very fact that the stars in the entire in-
terior of LMC 4 are essentially of the same age (Braun
et al. 1997) leads us to look for a large scale trigger for
the formation of stars in these large structures.
2. Large scale structure and motion of the LMC
The most prominent young structures of the LMC are: the
30 Doradus region with young stars and brilliant H ii emis-
sion (see e.g. Walborn 1984); supergiant shell LMC 4 with
a diameter of ∼1 kpc to the N of 30 Dor (Meaburn 1980);
the region south of 30 Dor being dark in the visual and X-
ray (Blondiau et al. 1997) but very bright in the infrared
(see Schwering 1988); the relatively sharp boundary of the
H i gas toward the SE of the LMC (see Mathewson & Ford
1984). Do these features have a common explanation?
The LMC as a (dwarf)galaxy moves in an orbit around
the Milky Way. Various models for its motion exist, and
the common opinion is that the LMC is (as part of the
Magellanic System) at present close to perigalacticon. The
previous closest approach to the disk was about 1.5 Gyr
ago (see e.g. Heller & Rohlfs 1994). The LMC and the
SMC move about each other and had a closest approach
∼200 Myr ago. The motion of the LMC is directed toward
the East, i.e., towards the galactic plane.
In its motion through the halo of the Milky Way, the
LMC gas obviously is getting compressed at the leading
edge. This then explains the sharp H i boundary on the
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SE side, while at the trailing side the gas gets diffuse and
forms the Magellanic Stream (Mathewson & Ford 1984).
3. An external star formation trigger
We propose the following scenario. Star formation is trig-
gered in the gas being compressed at the leading edge due
to the bow-shock of the LMC. The favoured location is at
the SE side, where the cumulative effect of the LMC space
velocity and the velocity of LMC rotation is largest. Since
the bow-shock compresses large areas, this will lead to star
formation on a large scale and thus to large structures. Be-
cause of the clock-wise rotation, the material at the lead-
ing edge will, in time, move away to the side. Thus, when
looking at superstructures away from the leading edge, we
expect to find a progression in the age of such structures
in the direction of the rotation. Substantial evidence is
now available to support this scenario.
4. Velocity, rotation, and inclination of the LMC
The radial velocity of the LMC is well determined at +274
km s−1. This value is based both on stellar radial velocities
as well as on velocities of H i.
The rotation curve of the LMC in the radial sense
can be derived from the positional variations in H i radial
velocities. Two thorough investigations (Meatheringham
et al. 1988; Luks & Rohlfs 1992) document that the radial
rotation curve has an amplitude of ∼ 60 kms−1.
The lateral motion of the LMC was recently derived
by Kroupa & Bastian (1997) from an analysis of proper
motion measurements of stars in the field of the LMC by
Hipparcos. They derive a proper motion of 0.00195′′/yr.
The direction and value of the motion is in line with that
from the models for the spatial motion of the Magellanic
System as a whole (see Heller & Rohlfs 1994).
The rotation velocity as seen in projection was investi-
gated by Kroupa & Bastian (1997) based on the positional
variation of the proper motions. They find a clockwise ro-
tation of 58 ± 58 kms−1 refered to a radius of 1.3 kpc.
The result is close to the limit of the accuracy of the data
and no information about the behaviour of the rotation
curve with radius is available. Since the LMC is from our
vantage point inclined by about 30o (see data compiled
by Westerlund, 1997, Table 3.5), the Kroupa & Bastian
value is an average from those parts of the LMC showing
the full rotation as a tangential one and those where the
full rotation is divided over tangential and radial rotation.
However, the uncertainty of the astrometric data do not
allow to pursue this in detail. Jones et al. (1994) found
from an outlying field a rotation of 180 km s−1.
We must note that the astrometry for the determina-
tion of the rotation used only the brightest stars, which are
among the most massive and thus the youngest. The radial
component of rotation is derived from the radial velocities
of H i gas. Both determinations therefore refer to the mo-
tion of the ‘young’ component of the LMC. Whether and
how the old star complexes of the LMC, such as the bar,
participate in the rotation is at present unknown.
New Australia Telescope H i 21 cm data (Kim
et al. 1997) show the LMC as an essentially circular gas
disk, suggesting a smaller inclination. With a small incli-
nation of 22o (Kim et al. 1997) the full rotation velocity
must be well over 100 km s−1 in order to explain the radial
rotation curve.
Whatever may be the case, based on all discussed in-
dications we will assume for this paper a small inclination
and a full rotation velocity of ∼ 150 km s−1 for all posi-
tions at distances further out than 1.5 kpc from the centre.
5. Total speed and gas compression at leading edge
The LMC moves through the halo of the Milky Way with
a galactocentric velocity of 265 km s−1, mostly directed
tangentially to our line of sight to the LMC (Kroupa &
Bastian 1997). In addition to this, the LMC rotates with
a speed of ∼150 km s−1 (see above), a rotation such that
the South side of the LMC moves in the same direction as
the motion of the LMC. LMC gas ahead of the southern
side will be exposed to the sum of these velocities, being
415 km s−1, in the Milky Way frame. Furthermore, the
galactic halo itself rotates against the motion of the LMC,
but at this distance with most likely a small speed. We
will assume ∼50 kms−1. Thus the total velocity difference
between the halo gas and the LMC gas is ∼465 km s−1.
Due to the velocity difference of ∼465 km s−1 the LMC
gas will get compressed. What features are expected?
At such velocities, the interaction with the tenuous
halo gas must lead to friction and thus heating. We expect
to see a shock indeed, in which the density and tempera-
ture will be high enough to produce X-rays.
The gas density of the halo of the Milky Way is not
well defined. The C iv absorption line profiles seen in Mag-
ellanic Cloud star spectra suggest a gas density of 10−4
cm−3 at z = 10 kpc at perhaps 105 K (Savage & de Boer
1981), or a higher density if the temperature were higher.
A similar density is found byWeiner &Williams (1996)
who observed Hα emission at the leading edge of Magel-
lanic Stream cloud MS IV. They derive a density of about
10−4 cm−3 for the halo, based on the assumption that this
emission is fed by the energy influx into the frontal area
of MS IV due to interaction with the halo plasma. Adopt-
ing a temperature of 106 to 107 K for the halo, they find
the pressure in the halo at the distance of the Magellanic
Clouds to be of order nT = 102 to 103 K cm−3. These are
rather moderate pressures and would not lead to enhanced
star formation activity.
The pressure at the south-eastern edge of the LMC
has been derived by Blondiau et al. (1997) from X-ray
emission observed with the ROSAT telescope. They find
neTe = 1.5 10
5 K cm−3 from the X-ray spectrum. This
pressure is very large even compared to estimates for the
K.S. de Boer et al., LMC bow-shock star formation 3
Table 1. Parameters for age and position of superstructures
along the edge of the LMC
Name Distancea Age Ref.
(kpc) (Myr) age
Dark cloud 0 < 0
N 159 0.5 < 3 1
30 Dor 1.1 3-5 2
LMC 4 (Sh III) 3.0 9-16 3
NGC 1818 and field 6.0 20-40 4
Field near NGC 1783 6.7 20-50 5
a All distances are related to the brightest IRAS far-IR emis-
sion in the dark cloud south of 30Dor
Refs.: 1 = from the CMD in Deharveng & Caplan (1991); 2
= De Marchi et al. (1993); see also the data in Parker & Gar-
many (1993); 3 = Braun et al. (1997); 4 = Will et al. (1995)
and Hunter et al. (1997); 5 = Cole et al. (1997)
pressure in our Galaxy, which are between 104 K cm−3
and 3 104 K cm−3. Since the spatial average of the pres-
sure is coupled to the gravitational potential of a galaxy,
the typical pressure in the LMC will certainly be less than
that in our Galaxy. Therefore we can safely state that the
pressure in the X-ray emitting region south-east of 30Dor
is more than 10 times as high as on average in the rest
of the LMC. This high pressure region is located near the
leading edge of the LMC, with a relative velocity with
respect to the halo gas of about 465 kms−1 (see above).
It is tempting to interpret the high pressure as a re-
sult of ram pressure action of the halo plasma on the
LMC gas. Using this concept, one can derive a density
for the halo gas based on the X-ray luminosity (see Blon-
diau et al. 1997). Taking as velocity 465 km s−1 (up by a
factor 2 from the one used by Blondiau et al.) leads to a
halo density ne ∼ 6 10
−3 cm−3. With temperatures be-
tween 106 and 107 K in the galactic halo the relative speed
between LMC and halo is supersonic (sound speed is ∼100
km s−1) so that a shock may be present indeed. The shock
induced by the ram pressure causes the locally high pres-
sure. Most importantly, the high pressure X-ray emitting
area is located near the leading edge of the LMC and is
well aligned with and directly adjacent to the large molec-
ular cloud complex (Cohen et al. 1988) south of 30Dor. It
appears very plausible that these clouds are - or will be in
the near future - forming stars at a very high rate.
6. Evolution after the formation trigger
When large gas complexes are compressed star formation
is triggered. The stellar contraction process requires less
than 105 yr for massive stars and up to 5 Myr for a star
of ≃3 M⊙ (Bernasconi & Maeder 1996). Stars at the top
of the main sequence will start to evolve even before the
stars of low mass have reached the main sequence.
The brightest superstructure will be the one where the
massive O and B stars still produce their gigantic amounts
Fig. 1. Ages of superstructures along the eastern and northern
edge of the LMC are plotted against the distance they have
rotated away from the location of the LMC bow-shock (data
from Table 1). The zero point of the distance is chosen in the
brightest IRAS spot of the dark cloud. The correlation between
travel time and age is evident, suggesting that star formation
is triggered indeed at the leading edge of the LMC
of Lyman continuum photons. The gas still present locally
between the stars is thus very luminous in Hα. This hap-
pens between 5 and 10 Myr after the star forming burst.
The delay is due to the time needed to get the birth cloud
ionized in the first place. The calculation is along the same
lines as in Braun et al. (1997) for the determination of the
time dependent evolution of the supernova rate.
After some 5 Myr the first stars will turn supernova.
The supernova rate will increase considerably over the
next few Myr (Braun et al. 1997) and these supernovae
may blow the birth cloud apart, exposing the original as-
sociation. This will have happened some 10-15 Myr after
the first stars came into being.
7. Travel distance fits age of star forming regions
After the LMC bow-shock has triggered the star formation
at the location of the largest impact, these star forming
regions will move away from the leading edge due to the
rotation of the LMC. In that case we should be able to
relate the ages of the star groups with the LMC rotation
velocity of ∼ 150 km s−1.
Starting at the leading edge in the SE we find clock-
wise: the giant dark cloud strong in far-infrared emission;
the very young star cluster in N 159 at the northern part
of the dark cloud; the 30Dor complex; the supergiant shell
LMC 4. The ages of these structures (Table 1) are clearly
sequential in time. Also the age of NGC 1818 and of the
surrounding field fit in this sequence.
We then measured the distances between these super-
structures as seen projected on the sky and then accounted
for the LMC inclination.
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The data are plotted in Fig. 1. The slope of the line
connecting the entries in Fig. 1 gives the velocity of ro-
tation. Given the uncertainty in the data points, which
is mostly in the age (a parameter normally having errors
symmetric in log age), we find a rotation of 130 - 200
km s−1. This value is in line with our considerations of
Sect. 4, demonstrating our proposition.
8. Predictions from the model
The dark cloud in the SE most likely contains protostars,
which may be observable in the infrared. Photometry with
current IR-sensitive CCD arrays should be able to uncover
many embedded stars.
Since the star formation was triggered at the edge of
the LMC, and since the rotation will move these structures
away but will keep them at the outer edge of the LMC,
the energy put into the environment will start to escape in
all directions, but least toward the inner side of the LMC
disk. We thus will see these structures open up toward the
outer edge. This is clearly the case for LMC 4, but also for
the new shell, as proposed by Kim et al. (1997) based on
radiosynthesis observations with the Australia Telescope.
We may expect in the NW of the LMC a superstruc-
ture with an age of about 40 Myr. N 11, the very bright
H ii region has an age of about 10 Myr (Walborn & Parker
1992). Here we note the finding by Cole et al. (1997) of a
relatively young field star population of about 20-50 Myr
near the globular cluster NGC 1783 (∼20′ to the NNE
of N 11). The SERC-J plate shows in that area a large
association of blue stars. N 11 contains the secondary gen-
eration, much like NGC 1948 does at the edge of LMC4
(Vallenari et al. 1993). The age and distance for the field
around NGC1783 are included in Table 1 and Fig. 1.
A possible superstructure in the SW corner of the LMC
should, if the bow-shock starformation relation with rota-
tion is correct, have an age of 70-100 Myr.
9. Concluding remarks
The visual dominance of 30 Dor tempts us to think that
this structure is the ‘centre’ of the LMC. This notion is not
correct, as argued above. It is well known that most of the
mass of a galaxy is stored in the low mass stars, whereas
most of the light (star light and Hα) comes from the high
mass stars and their vicinity. As all starforming galaxies
do, the LMC puts on a show, tempting us away from its
real structure. The ‘activity centre’ of the LMC rather lies
in the SE, where the bow-shock is essential in triggering
star formation. However, we do not exclude that sequential
star formation after a big triggering event produces further
young stars, nor that other star formation mechanisms
have been or are active elsewhere in the LMC.
Acknowledgements. This research is carried out in the frame-
work of the Bochum/Bonn Graduiertenkolleg ‘The Magellanic
Clouds and other Dwarf Galaxies’ of the Deutsche Forschungs-
gemeinschaft (DFG). A.V. thanks the Graduiertenkolleg for
supporting a research stay in Bonn. We thank present and
former members of the Graduiertenkolleg for frequent discus-
sions. We thank the referees to point out a description of star
formation by the LMC bow-shock by Dopita (1987).
References
Bernasconi P.A., Maeder A., 1996, A&A 307, 829
Blondiau M.J., Kerp J., Mebold U., Klein U., 1997, A&A 323,
585
Braun J.M., Bomans D.J., Will J.-M., de Boer K.S., 1997, A&A
328, 167
Cohen R.S., Dame T.M., Garay G., Montani J., Rubio M.,
Thaddeus P., 1988, ApJ 331, L 95
Cole A.A., Gallagher J.S., Freedman W.L., Phelps R., 1997,
AJ 113, 1700
Deharveng L., Caplan J., 1991, A&A 259, 480
De Marchi G., Nota A., Leitherer C., Ragazzoni R., Barbieri
C., 1993, ApJ 419, 658
Dopita M.A., 1987, in IAU Symp. 115, ‘Star Forming Regions’,
eds M. Peimbert & J. Jugaku; Reidel, Dordrecht, p. 501
Dopita M.A., Mathewson D.S., Ford V.L., 1985, ApJ 297, 599
Feitzinger J.V., Glassgold A.E., Gerola H., Seiden P.E., 1981,
A&A 98, 371
Goudis C., Meaburn J., 1978, A&A 68, 189
Heller P., Rohlfs K., 1994, A&A 291, 743
Hunter D.A., Light R.M., Holtzman J.A., Lynds R., O’Neil
E.J., Grillmair C.J., 1997, ApJ 478, 124
Jones B.F., Klemola A.R., Lin D.N.C., 1994, AJ 107, 1333
Kim S., Staveley-Smith L., Sault R.J., Kesteven M.J., Mc-
Connell D., Freeman K.C., 1997, Publ. Australian Astron.
Soc. 14, 119
Kroupa P., Bastian U., 1997, New Astronomy 2, 77
Luks Th., Rohlfs K., 1992, A&A 263, 41
Mathewson D.S., Ford V.L., 1984, in IAU Symp. 108, ‘Struc-
ture and Evolution of the Magellanic Clouds’ eds S. van den
Bergh & K.S. de Boer; Reidel, Dordrecht, p. 125
Meaburn J., 1980, MNRAS 192, 365
Meatheringham S.J., Dopita M.A., Ford H.C., Webster B.L.,
1988, ApJ 327, 651
Olszewski E.W., Suntzeff N.B., Mateo M., 1996, ARA&A 34,
511
Parker J.W., Garmany C., 1993, AJ 106, 1471
Savage B.D., de Boer K.S., 1981, ApJ 243, 460
Schwering P., 1988, Ph.D. Thesis, Univ. Leiden
Vallenari A., 1996, in ‘History of the Milky Way and its Satel-
lite System’, eds A. Burkert et al., ASP Conf. Ser. 112, p.
109
Vallenari A., Bomans D.J., de Boer K.S., 1993, A&A 268, 137
Walborn N.R., 1984, in IAU Symp. 108, ‘Structure and Evolu-
tion of the Magellanic Clouds’ eds S. van den Bergh & K.S.
de Boer; Reidel, Dordrecht, p. 243
Walborn N.R., Parker J.W., 1992, ApJ 399, L 87
Weiner B.J., Williams T.B., 1996, AJ 111, 1156
Westerlund B.E., 1997, The Magelanic Clouds, Cambridge
Univ. Press
Will J.-M., Bomans D.J., de Boer K.S., 1995, A&A 295, 54
Will J.-M., Bomans D.J., Vallenari A., Schmidt J.H.K., de Boer
K.S., 1996, A&A 315, 125
K.S. de Boer et al., LMC bow-shock star formation 5
This article was processed by the author using Springer-Verlag
LATEX A&A style file L-AA version 3.
